ABSTRACT: Alloying in two-dimensional (2D) transition metal dichalcogenides (TMDCs) has allowed band gap engineering and phase transformation, as well as modulation of electronic properties. However, most of the efforts have been focused on alloying between transition metal cations. Among those that emphasize alloying between chalcogenide anions, the sulfide− selenide combinations are popular with a few reports on selenide−telluride combinations. In this work, we show a facile chemical vapor deposition method to obtain stable alloying between selenide and telluride anions in monolayer MoSe 2(1−x) Te 2x alloy. These alloys retain the monolayer 2H symmetry and show good photoluminescence and band gap tunability in the near-infrared region. The nature and percentage of alloying is further confirmed and quantified via AFM, XPS, and HAADF-STEM imaging and polarized Raman spectroscopy. The stability of the two chalcogens in the monolayer 2H lattice is also consistent with thermodynamic phase mixing via DFT simulations. The work demonstrates a straightforward method of synthesizing telluride-based 2D TMDC alloys for further studies and emerging applications. L ayered two-dimensional (2D) transitional metal dichalcogenides (TMDCs) are MX 2 -type compounds (M = Mo, W; X = S, Se, Te) with hexagonal symmetry and strong bonding in the "ab" in-plane directions and weak van der Waals' interactions in the out-of-plane "c" direction.
L ayered two-dimensional (2D) transitional metal dichalcogenides (TMDCs) are MX 2 -type compounds (M = Mo, W; X = S, Se, Te) with hexagonal symmetry and strong bonding in the "ab" in-plane directions and weak van der Waals' interactions in the out-of-plane "c" direction. 1−9 While the single-phase TMDCs have been extensively studied over past years, exploring alloying in such TMDC materials has recently gained momentum with aims of improving stability via increasing entropy, improving band gap tunability and engineering, applications in valleytronics, studying structural phase transformations, and emergent magnetism. 10−19 It has also been reported that substitutional doping is the energetically preferred route over occupying the interstitial locations in these atomically thin systems. 20, 21 Both p-and n-type dopants such as Nb, and Mn, Re, and so on, were explored at M sites. 22−26 While most of the substitutional doping experiments have been carried out on the "M" (transition metal) site, there are some reports of doping at the "X" (chalcogen) site as well. 10, 27, 28 Recently, the telluridebased TMDCs have been gaining more interest than sulfide-and selenide-based TMDCs, mostly due to the rich variety of structural phases (2H, 1T, and 1T′), for which the corresponding compounds, such as MoTe 2 , WTe 2 , and so on, are stable at room temperature, as well as the interesting physics these phases offer for study. 29−31 While the 2H phase is semiconducting, the 1T/1T′ phases are semi-metallic or metallic, and support greater electronic mobility as well as exotic features such as topological states. 32−37 Therefore, the interest in telluride-based TMDCs has exploded with studies focusing on applications such as atomically thin metal− semiconductor contacts from two phases of the same material. 38 41 While the focus of their study was more on understanding the valence band structure of MoSe 2 on the two substrates and how doping with Te results in mostly similar (i.e., isoelectronic) structure, they have not provided insight into the atomistic nature of the alloying (e.g., high-angle annular dark field−scanning transmission electron microscopy (HAADF-STEM)) which is important for such 2D materials. Recent effort on this aspect was reported by Lin et al. by a heavily STEM-focused study of the 2D MX 2x Te 2(1−x) alloys exfoliated from bulk single crystals. 42 They found anisotropic chalcogen bond ordering in the 1T′-type alloys, whereas the 2H-type were isotropic. However, in their case, the other characterizations of such alloy samples, which are equally if not more, important, were not reported.
In this work, we provide an inclusive report of the bottom-up synthesis of monolayer MoSe 2(1−x) Te 2x alloys via a relatively facile method of chemical vapor deposition (CVD) and their comprehensive characterization via multiple techniques: the ratio of tellurium and selenium precursors was varied to incorporate progressive amounts of tellurium in the MoSe 2 lattice. The structural and chemical nature of the samples was extensively characterized using Raman and photoluminescence spectroscopy as well as X-ray photoelectron spectroscopy (XPS); increasing amounts of tellurium induces a red shift in the optical band gap from 1.55 eV for pure MoSe 2 up to 1.3 eV for the alloyed samples. This change is reflected in the corresponding Raman spectra as well. XPS spectra show slight reduction in binding energies of molybdenum atoms, indicative of a change in their chemical coordination. Detailed variations in morphology were observed using optical microscopy and atomic force microscopy, whereas the crystal structure examination via high-resolution scanning transmission electron microscopy revealed complete alloying of Se and Te at chalcogen sites in the monolayer 2H phase. This observation is also supported by thermodynamic analysis of phase mixing and phase separation in MoSe 2(1−x) Te 2x crystals using ab initio DFT and empirical molecular dynamics simulations (MD) with classical force fields. Polarized Raman spectra and peak deconvolution helped to show the differences in the symmetric and nonsymmetric vibrational modes, further confirming the alloying process in the 2H phase. Figure 1a shows the schematic of the synthesis/growth process as discussed in Experimental Details. This was followed by the preliminary identification and characterization of the samples. The 275 nm SiO 2 layer on top of the Si substrates helps in delivering good contrast and aid identification of the 2D flakes and changes in morphology. The gradual changes in the Raman and PL spectra along with varying Se/Te content have been plotted in Figure 1b ,c, respectively. Starting with the pure MoSe 2 sample, there are sharp triangular edges with a generally large enough average size of 50 μm. The Raman and PL spectra (red curve) show the characteristic strong A 1g mode at 239 cm −1 and emission at 1.55 eV. For alloy A (grown with precursor Se:Te ratio of 1:1), the 2D flakes preserve the hexagonal shape and symmetry; however, their average size decreases to 20−30 μm. The Raman spectrum (green curve) shows a slight red shift of the A 1g mode to 237 cm −1 , whereas the PL emission undergoes a more noticeable red shift to 1.49 eV. For the next sample (grown with substantially increased Se:Te ratio 1:5), i.e., alloy B, the change in 2D morphology is visible with a lack of sharp facets to the flakes. Our CVD technique of growing these alloys yields larger flake sizes important for further studies and applications compared to reported methods (e.g., STM image in Figure 3e of Diaz et al. showing fragmented polycrystalline grains even at sub-micrometer lengths) 41 The Raman spectrum (blue curve) features a relatively broad and asymmetric peak centered roughly at 231 cm −1 (deconvolution discussed later). The increased presence of Te atoms also red shifts the PL emission of alloy B to 1.42 eV. Thus, the Raman and PL spectra show consistent red-shifting of the prominent features borne out of increasing tellurium content.
Further analysis of the samples was carried out by atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS). AFM helps understand the detailed variation in morphology at a resolution beyond the grasp of conventional optical imaging as well as confirm the thicknesses of layered materials; XPS sheds light on the chemical bonding and valence states of various atoms in a compound with nanometer-level probing. Panels a−c of Figure 2 show the AFM and XPS results of pure MoSe 2 and alloys A and B, respectively. In Figure 2a , the AFM image and line profile of pure MoSe 2 indicate monolayer thickness (∼0.8 nm) and tiny secondary growth at the edges and near the center, which is a common signature of lateral edge termination and epitaxial growth, respectively. For alloy A, we observe a similar sharp edge and monolayer thickness. Following the AFM images, we come to the XPS analysis. For all spectra, the binding energies were referenced by the adventitious carbon 1s peak at 284.8 eV (not shown). In panel a, the elemental spectra for the Mo 3d and Se 3d regions of pure 232.6 eV and 54.9 eV, 55.8 eV). The Te 3d 5/2 and 3d 3/2 peaks occur at 573.5 and 583.8 eV, respectively, indicating that tellurium atoms are in the Te 2− state. The relative concentration of Te in alloy A derived from XPS turns out to be ∼10% (i.e., x ≈ 0.1; calculations are given in the Supporting Information (SI)).
Chemistry of Materials
The minute yet important change in the XPS binding energies (BEs) can be seen in the spectra for alloy B in Figure 2c . The Mo 3d peaks display a downshift to 228.9 and 232.1 eV, whereas the Se 3d peaks occur at 54.7 and 55.4 eV, respectively. This downshift in Mo 4+ BE is expected as tellurium is less electronegative than selenium and in agreement with other reports. The corresponding Te 3d peaks occur at 573.1 and 583.5 eV. The relative tellurium concentration in alloy B comes out to be ∼40% (i.e., x ≈ 0.28). The trend of increasing tellurium concentration in the four samples is plotted in the last position in the row of Figure 2a . Moreover, the obtained x values are in good agreement with the band gaps obtained via photoluminescence (PL) emission in Figure 1c via the band-bowing formula given by Kang et al. To observe the chalcogenide alloying directly, the samples were examined with atomic-resolution scanning transmission electron microscopy. A high-angle annular dark field image of a monolayer region of the MoSe 2(1−x) Te 2x alloy is shown in Figure  3a , which exhibits significant site-to-site contrast variations. HAADF images are formed through Z-contrast (especially in monolayer materials), where the HAADF intensity is roughly proportional to the square atomic number of the atom/atomic columns. Thus, the atomistic nature of the alloying in the monolayer can be determined by examining the HAADF intensities of the different atomic sites. First, the monolayer is sorted into A sites and B sites by the atomic coordination of each atom in the HAADF image (sorted image shown in Figure 3b ). The HAADF intensities of both sites are then plotted in a histogram in Figure 3c . Figure 3c , with the lowest HAADF intensity peak in the B sites corresponding to a single Se atom, the second corresponding to an Se 2 column, the third corresponding to an intermixed Se/Te column, and the final high HAADF intensity peak corresponding to a Te 2 column, with the Mo column sitting directly between the Se and Se 2 histogram peaks. It is important to note that here we do not attempt to label individual Te columns, due to the similarity in Z-contrast with the most common chalcogenide configuration, an Se 2 column. Given the small number of individual Se atoms, there are likely very few single Te columns in this monolayer region, but they would be included in the Se 2 peak.
Finally, we can use the atom labeling to provide a quantitative measurement of the Te doping concentration. Figure 3d shows the histogram of B site HAADF intensities broken up by the configuration each site is most likely to possess based off of its Zcontrast. The image possesses a total of 332 sites, with 18 vacancy sites resulting in a total of 646 atoms, with the 36 Te 2 sites and 86 SeTe sites corresponding to a total of 158 Te atoms and a Te doping concentration of ∼25%, close to the estimated value of 28% in the alloy B samples (see the Supporting Information). Furthermore, by labeling each atom in the A/B site sorted image by its Z-contrast, we can see the different sites are spread uniformly throughout the area indicating that the sample is completely alloyed (Figure 3e ). The 2H symmetry of the alloys at monolayer thickness has been directly imaged and is consistent with previous reports via MBE synthesis due to the stabilizing role of selenium in subduing the 1T′ phase of MoTe 2 . 41 In order to understand the preference for complete alloying in these crystals, we calculate the free energies of formation of three MoSe 2(1−x) Te 2x structures: 1, fully alloyed 2H crystals containing Se 2 , Se−Te and Te 2 sites in the anion sublattice as Figure 4 ). The vibrational free energy of all structures in this study is computed by integrating the product of temperature-dependent lattice specific heat, C V (T), with 1/T. The lattice heat capacity is, in turn, evaluated as the integral of the density of vibrational states with the Bose−Einstein distribution. Phonon density of states are calculated as the Fourier transform of the autocorrelation function of atomic velocities in an equilibrium MD simulation of each MoSe 2(1−x) Te 2x configuration. The general methodology to compute vibrational properties and specific heat values from MD simulations is described by Vashishta et al. 43 SI Table 1 shows the calculated internal energy, and configurational and vibrational entropies of MoSe 2(1−x) Te 2x and MoSe 2 and MoTe 2 crystals. The calculated free energies of formation of each structure at room temperature, T = 300 K, representative of experimental observations, indicate that the fully alloyed MoSe 2(1−x) Te 2x has the lowest free energy of formation and is thus most thermodynamically stable, consistent with our atomic-resolution STEM-HAADF observations.
In order to understand the interplay between the Se and Te alloyed phases, the samples were investigated with polarized Raman spectroscopy. The setup consisted of adding a half-wave plate and a polarizer in the beam path. As seen in Figure 1b , the Raman spectra of all samples feature a strong peak due the A 1g mode starting at ∼239 cm −1 in the pure MoSe 2 sample that successively red shifts. Since the A 1g mode features the symmetric out-of-plane breathing of the chalcogen atoms with the central transition metal atom layer stationary, it is sensitive to the polarization of the exciting laser beam. As a result, the A 1g peak is absent in the cross-polarized spectrum of pure MoSe 2 ( Figure 5a) . 44 In the case of alloy A, the polarized Raman spectrum in Figure 5b shows a stronger hump at ∼285 cm −1 due to the E 2g 1 contribution from MoSe 2 as it is the dominant content of that sample. For alloy B, we see a residual hump in the polarized spectrum (olive) at the approximate location of the A 1g mode of the unpolarized spectrum (magenta). Given that this mode is observably asymmetric in the case of alloy B, the unpolarized Raman spectrum is deconvoluted and shown in Figure 5d . We see six peaks at 147, 183, 226, 231, 275, and 289 cm −1 , respectively. The deconvolution of the strongest mode reveals a primary peak at 231 cm −1 and a secondary one at 226 cm ). The two other modes (275 and 288 cm −1 ) are most likely due to splitting of E 2g (TO+LO) mode of 2H Se−Mo− Se. 45 Therefore, the polarized spectrum of alloy B in Figure 5c ■ EXPERIMENTAL DETAILS Synthesis. The monolayer MoSe 2(1−x) Te 2x alloy samples were grown via chemical vapor deposition. The strategy involved synthesizing monolayer MoSe 2 via CVD by steadily incorporating tellurium in the 2D structure. According to the relative increasing (decreasing) concentration of tellurium (selenium) precursors, it is convenient to label the samples as "pure MoSe 2 " and alloys "A" (Se:Te ratio by weight = 1:1) and "B" (Se:Te ratio by weight = 1:5), respectively; this convention is followed henceforth. 46 These substrates were placed in a porcelain boat in the center of a 2 in. quartz tube mounted in a tube furnace. The selenium and tellurium powders were uniformly mixed in the aforementioned ratio and placed in a separate porcelain boat upstream of the Mo-coated substrates. High-purity Ar/H 2 (15%) gas was flown throughout the process with the temperature of the target substrates ramped to 700°C and held for 20 min before cooling to ambient temperature. The monolayer flakes were obtained on the top surface of the substrates.
Characterization. Raman and PL spectra were collected on a Renishaw inVia Raman microscope through a 50× objective lens and 532 nm (unless stated otherwise in the main text) laser. XPS spectra were obtained on a PHI Quantera II SXM machine using Al Kα X-ray source at 1486.6 eV and 26 eV pass energy. HAADF-STEM images were recorded on a Nion aberration-corrected UltraSTEM 100 at an accelerating voltage of 60 kV. The HAADF image was smoothed with a 1 pixel Gaussian blur, and the peak_local_max function available in the sci-kit learn Python library was used to identify the atom positions. Effective Z--contrasts of two atom sites were determined by adding Z values of the constituent atoms in quadrature.
Simulations. The free energies of alloyed and phase-separated MoSe 2(1−x) Te 2x monolayers were quantified using a combination of DFT and empirical MD simulations. DFT simulations for the calculation of ground-state energies were performed on monolayer MoSe 2(1−x) Te 2x crystals containing 36 Mo ions and 72 chalcogen (Se or Te) ions, respectively. Spin-polarized DFT simulations were performed with the PBE form of the GGA functional implemented in the VASP program.
47−49 Wave functions were described using a large basis set containing components up to 450 eV. The MoSe 2(1−x) Te 2x monolayer is relaxed until forces on all ions in the system are below 0.05 eV/A and all components of the residual stress tensor are less than 0.2 GPa.
Vibrational contributions to the free energies of MoSe 2(1−x) Te 2x structures were estimated from a calculation of the lattice specific heat, which represents the temperature-dependent change of vibrational enthalpy of the system. Specific heat values were calculated from MD simulations of the MoSe 2(1−x) Te 2x crystals of size 400 Å × 400 Å containing 51972 atoms equilibrated at 300 K for 100 ps in the NVT ensemble. These empirical MD simulations were performed using the LAMMPS molecular dynamics program with interatomic interactions between the Mo, Se, and Te atoms described by classical force fields of the Stillinger−Weber functional form parametrized to reproduce vibrational properties and lattice and elastic constants. 50 Further details about the parametrization of the force field used in this study can be found in section 1 of the Supporting Information. 
